43
Similarly to the Csr system in E. coli, sRNAs have been shown to play an important role in 44 attachment, polysaccharide production, virulence, and quorum sensing by Pseudomonas aeruginosa 45 (6, 9, 23, 37, 42, 44). However, in contrast to the E. coli Csr system, the Rsm system in P. aeruginosa 
53
Additional components modulating sRNA levels were recently identified as the histidine 54 phosphotransfer protein HptB. HptB is activated via three orphan sensor kinase hybrids (PA2824,
MATERIAL AND METHODS

84
Bacterial strains, plasmids, media, and culture conditions. All bacterial strains and plasmids used 85 in this study are listed in Table S1 . P. aeruginosa strain PAO1 and PA14 were used as parental 86 strains, the latter being required for the Arabidopsis virulence studies. All planktonic strains were 87 grown in Lennox Broth (LB) or VBMM minimal medium (53) in shake flasks at 220 rpm. 
172
The probable sensor/response regulator hybrid SagS.
173
The sagS gene encodes a 786 amino acid polypeptide similar in sequence and domain organization to 174 the sensor kinase/response regulator hybrid family of signal transduction proteins (Fig. 1A) 
216
Our observations indicated that SagS was essential for the stage-specific development of P.
217
aeruginosa biofilm formation, as ∆sagS was arrested in biofilm formation while sagS overexpression 218 had no effect on continued biofilm development or biofilm architecture ( Fig. 2A) phosphorylated proteins that are specific to 8-and 24-hr-old wild type biofilms, respectively (Table 3,   253   Table S3 ). Furthermore, ∆sagS biofilms lacked evidence of BfiS phosphorylation (Table S3) (Table 3) .
261
SagS controls Psl production.
262
To begin elucidating the mechanisms by which SagS affects transitioning between the motile and 263 the sessile states, mutants inactivated in and overexpressing sagS were tested for properties known to 264 affect initial attachment including cellular motility, cyclic di-GMP levels and polysaccharide 265 production, which have been shown to play a role in promoting biofilm formation in diverse P.
266
aeruginosa strains (15, 16, 26, 50). Increased Psl production by ∆sagS in a planktonic-specific 267 manner was detected by immunoblot analysis using anti-Psl antibodies ( Fig. 3A-B 
307
Given that our findings implicated SagS in the regulation of rsmYZ levels (Fig. 4) (Fig. 5B) . Second site sagS mutation in ∆hptB resulted in significantly increased rsmA (4-fold) 345 and rsmZ (7-fold) levels without affecting rsmY (Fig. 5B) . While our findings confirm the 346 dependency of rsmYZ levels on GacA, rsmY levels in ∆sagS grown planktonically appeared primarily 347 to be dependent on HptB previously shown to be GacA-dependent (6).
349
BfiR is required for SagS to enable biofilm formation.
350
Phosphoproteome analysis suggested ∆sagS biofilms to be arrested prior to ∆bfiS, at the transition 
357
Overexpression of sagS in ∆bfiS had no effect on biofilm formation. Similarly, overexpression of fold increase compared to PAO1 biofilms of comparable age (Table 1) .
366
Restoration of the ∆sagS biofilm architecture to wild type levels by complementation or 367 overexpression of bfiR, correlated with rsmYZ levels that were comparable to wild type and vector 368 only controls (Fig. 6B) . Compared to ∆sagS biofilms, complemented biofilms had 3.37-fold reduced 369 rsmZ levels, while overexpression of sagS or bfiR coincided with a ~5.2-fold reduction in rsmZ 370 abundance. It should be noted that rsmA levels were unaltered (Fig. 6B) . These findings underscored 371 previous observations of a negative correlation between rsmZ levels and biofilm formation (44). (Fig. 6C, Table 1 ), suggesting that while SagS is involved in 376 modulating sRNA levels, the ∆sagS biofilm phenotype is independent of rsmYZ.
378
SagS interacts directly with BfiS, but only indirectly with BfiR.
379
The observation that ∆sagS biofilm formation was restored to wild type levels by bfiR 380 overexpression suggested that SagS and BfiSR either belong to distinct pathways that are short-381 circuited by bfiR overexpression, or instead that these proteins may function through direct interaction 382 to enable biofilm formation and to receive a yet unknown signal from SagS absent in ∆sagS biofilms.
383
To test these hypotheses, we assessed whether SagS forms a complex with BfiSR in vitro. Pull-down 384 of a complex of 6xHis-tagged BfiS and hemagglutinin-tagged SagS (SagS-HA) as well as a complex 385 of BfiS-V5/6xHis and SagS-HA could be clearly demonstrated when pull-down assays were probed 386 for HA-tagged SagS (Fig. 7A) . Two proteins were used as controls to determine the specificity of the 
390
Neither BdlA nor PA3343 were detected in a complex with SagS-HA (Fig. 7A) . Complex formation 391 was also detectable when SagS-HA was used as bait to detect 6xHis-tagged BfiS (not shown) and 392 BfiR (Fig. 7B) . However, the interaction of SagS with BfiR was found to be indirect and to occur via 393 BfiS, as no interaction between BfiR and SagS was detected in a ∆bfiS mutant background (Fig. 7B) .
394
Complex formation of SagS and BfiS was confirmed by in vivo pull-downs (Fig. 7C ) and by using 395 purified enzymes (not shown), thus indicating the two proteins are working in concert.
397
BfiS phosphorylation is SagS-dependent.
398
The observations of SagS forming a complex with BfiS to enable biofilm formation (Figs. 7A-C (Fig. 7D) . In contrast, deletion of sagS correlated with reduced levels of phosphorylated 408 BfiS (Fig. 7D) . The findings are in strong support of BfiS phosphorylation being SagS-dependent 409 under biofilm growth conditions. Interestingly, differential expression of sagS had the opposite effect 410 on BfiS phosphorylation under planktonic growth conditions, with overexpression of sagS correlating 411 with reduced BfiS phosphorylation levels and lack of sagS resulting in increased levels of 412 phosphorylated BfiS (Fig. 7D) 
431
we asked whether the function of this hybrid regulator impacts P. aeruginosa virulence properties.
432
Using the A. thaliana infection model, we observed that ∆sagS elicits an earlier onset of initial signs 433 of infection compared to the wild type as indicated by lesions and discoloration (Fig. 8A) . Moreover,
434
∆sagS was hypervirulent and resulted in A. thaliana plant death three days earlier than did the wild 435 type (Fig. 8B) . These results suggested a contribution of SagS signaling to virulence of P.
436
aeruginosa. In contrast, ∆bfiS mutants were avirulent (44) and showed significantly delayed onset of 437 initial signs of infection and significantly reduced virulence compared to the wild type and ∆sagS
438
( Fig. 8A-B) . Considering that the main difference observed between the two strains is the growth 439 mode dependence of rsmYZ levels, we determined the virulence properties of ∆sagS in the absence of 440 rsmYZ (Fig. 8C) . The triple mutant was found to exhibit a hypervirulent phenotype comparable to that Table 1 ) (43). Moreover, a ∆sagS mutant was 478 impaired at early stages of biofilm development, in a manner similar to the phenotypes observed for 479 ∆retS and ∆bfiS (Fig. 2, (17, 43, 44) ). Similar analysis performed with ∆bfiS showed a strictly (Fig. 4) . The findings identified the probable sensor/response regulator 482 hybrid SagS as part of the regulatory system linking the opposing factors/proteins that reciprocally 483 modulate sRNA levels prior to and post attachment to enable biofilm formation (17, 18, 63).
484
However, while the rsmYZ levels in ∆sagS appeared to be dependent on HptB, the post-attachment 485 phenotypes of the two mutants were very similar, suggesting similar or convergent regulatory (but not 486 necessarily dependent) roles for the two proteins in biofilm formation. Moreover, the ∆sagS biofilm 487 phenotype was independent of rsmYZ levels, as indicated by the finding that while restoration of 488 ∆sagS biofilm formation by BfiR correlated with reduction in rsmYZ levels, inactivation of rsmYZ in 489 ∆sagS did not restore biofilm formation to wild type levels (Fig. 6) . The finding suggested that SagS, 490 the potential cognate sensor for HptB, serves an additional function besides its involvement in 491 controlling the levels of sRNAs to enable biofilm formation (Fig. 9) . This function, which will be the 492 subject of future studies, appears to be required (in a Gac/Rsm system independent manner) for the 493 activation of the two-component system BfiSR essential for biofilm formation.
494
Pull-down assays demonstrated SagS to interact directly with BfiS and only indirectly with BfiR 495 via BfiS (Fig. 7) . However, overexpression of bfiR but not bfiS restored ∆sagS biofilm formation to 496 wild type levels, suggesting that in order for biofilm formation to occur, SagS is required to interact 497 with BfiS resulting in the relay of a signal, which is lacking in ∆sagS biofilms (Figs. 6-7) . with HptB (6, 22) while blocking BfiS phosphorylation (Fig. 7D-E) . Upon transition to surface 519 associated growth, however, SagS interacts with BfiSR to promote BfiS phosphorylation (Fig. 7D) 
520
and likely BfiSR activation, with this TCS playing an essential role in suppressing sRNA levels and 521 enabling P. aeruginosa to transition from reversible to irreversible attachment (43, 44). Our findings 522 are summarized in a model shown in Fig. 9 . Additional support for SagS acting as a switch is given 523 by the observation that SagS and BfiS modulate rsmYZ levels in an opposing manner, which is 524 dependent on the mode of growth (Fig. 4) . Moreover, SagS and BfiSR differ in their contribution to 525 virulence of P. aeruginosa when tested in a non-mammalian virulence model. While the ∆bfiS mutant 526 was avirulent, a ∆sagS mutant strain was hypervirulent (Fig. 8, (44) ). Taking into account that both 527 ∆sagS and ∆bfiS biofilms are arrested in biofilm development (with ∆sagS biofilms being arrested 528 prior to ∆bfiS biofilms, Fig. 2, Table S3 ), the findings suggest a possible role of SagS and BfiSR in 529 contributing to the switch from acute infection to chronic persistence.
530
In conclusion, our data suggest that the sensor kinase hybrid SagS regulates the transition 531 between the motile and sessile modes of growth by modulating sRNA levels in a growth mode 532 dependent manner (Fig. 9) . Moreover, SagS interacts with BfiS in a manner reminiscent of RetS-533 GacS heterodimer interaction. To our knowledge, this is the first description of a P. aeruginosa , M., F. Z. Hu, K. Shen, J. Hayes, G. D. Ehrlich, J. C. Post, and K on July 8, 2017 by guest http://jb.asm.org/
